Previous high-risk family designs in psychiatry have focused largely on offspring of affected parents. We take a pedigreebased approach and examine the social, psychological, and psychiatric features of offspring from extended pedigrees selected for high-densities of alcohol use disorder (AUD) or drug abuse (DA). We identified, from the Swedish population, 665,715 pedigrees containing a mean of 17.9 parents, aunts/uncles, grandparents, and cousins of a core full-sibship we term the pedigree offspring. We then derived 13 empirical classes of these pedigrees based on the density of cases of AUD and DA. High rates of AUD or DA in the pedigrees were associated in the offspring with lower levels of school achievement, educational attainment, and resilience, and higher rates of psychiatric illness, neighborhood deprivation, unemployment, social welfare, early retirement, and criminal convictions. Effect sizes were large in the offspring of the highest density pedigrees and were stronger in high-density DA than in high-density AUD pedigrees. Sensitivity to the pathogenic effects of membership in these high-risk sibships was substantially attenuated by high levels of school attainment and resilience, female sex, and absence of parental divorce. Offspring of pedigrees with a high density of AUD or DA are multiply disadvantaged and typically suffer from educational difficulties, social deprivation, socio-economic dysfunction, personality problems, and elevated rates of both psychiatric disorders and externalizing syndromes. Despite these difficulties, personal strengths, including improved school achievement and resilience, and an intact parental marriage can substantially buffer these adverse effects and might form a basis for prevention efforts.
Introduction
Alcohol use disorder (AUD) and drug abuse (DA) are both strongly transmitted within families [1, 2] . Twin and adoption studies suggest that both genetic and familialenvironmental factors contribute to this transmission [3] [4] [5] [6] .
Indeed, both of these syndromes likely arise from a complex mixture of genetic, temperamental, and socioenvironmental risk factors that act and interact over development [7] [8] [9] . Familial high-risk studies have a long tradition in psychiatric research, typically examining offspring of an affected parent as seen, for example, for schizophrenia [10, 11] , depression [12] , and AUD [13, 14] .
We here examine a different high-risk paradigm utilizing pedigrees as the unit of analysis. As seen in Fig. 1 , starting from a core set of full-siblings, we define pedigrees to include their biological parents, biological uncles and aunts, grandparents, and full cousins. We select pedigrees from all of Sweden on the basis of the prevalence of men and women in the pedigree who are affected with, respectively, AUD and DA. In this paper, we divide these extended families into what we call the pedigree (parents, uncles/ aunts, grandparents, and cousins) and the core set of fullsiblings who, for concision, we termed the offspring of the pedigree.
We then address the following two questions:
(1) What are the diagnostic, cognitive, personality, and socio-economic characteristics of the offspring as a function of the density within their pedigrees of, respectively, AUD and DA? (2) In pedigrees selected for their density for AUD (or DA), is the risk in the offspring for developing AUD (or DA) moderated by sex, neighborhood deprivation, early onset psychiatric disorder, parental divorce, school achievement, and level of resilience?
Methods
This study utilized several different Swedish populationbased registers with national coverage, linking them using each person's unique identification number. To preserve confidentiality, this ID number was replaced by a serial number. We secured ethical approval for this study from the Regional Ethical Review Board of Lund University (No.
2008/409).
From the Swedish Multigenerational register, we selected all individuals (who form the offspring of our pedigrees) born in Sweden between 1980 and 1990 who still resided in Sweden at age 16 (N = 1,207,230). For each set of offspring (full-siblings of one another), we identified parents, grandparents, aunts, uncles, cousins, half-siblings, and fullsiblings. The full-siblings had to be born outside of the period from 1980 to 1990, as individuals born in that decade constitute the offspring sample. Furthermore, we required that the relative should be alive and residing in Sweden in 1973 and not born later than 1995. Note that a relative could be included in several different pedigrees families. We identified 780,980 pedigrees but to ensure adequate pedigree size, excluded pedigrees with <7 individuals (N = 115,265 Table 1 . Furthermore, we recorded the number of males/females within each pedigree as well as the number of males/females registered with AUD or DA. To stabilize variance of the estimates for further use, we transformed the rates of male and female with AUD/DA using the Freeman and Tukey arcsine transform [15] . Based on the bivariate transformed rates, we used k-means clustering to partition the pedigrees into a pre-specified number of clusters. The purpose of using k-means clustering is to define clusters such that the total intra-cluster variation, or total within-cluster sum of square (WSS), is minimized. The total WSS measures the compactness of the clustering and this should be as small as possible. One of the most common ways to determine the number of clusters is the Elbow method. The Elbow method looks at the total WSS as a function of the number of clusters, i.e., the smallest number of clusters, which account for the largest amount of variation in the data. Appendix Figure 1a , b shows the total WSS as a function of the number of clusters. We chose to work with 13 clusters for both DA and AUD as, at this number, the curves exceed 90% and clearly begin to asymptote. We then calculated the mean genetic resemblance of pedigree members to the offspring. It was important that this not vary substantially across pedigree classes. If genetic resemblance was higher in the denser pedigrees, that could bias upward the rates of illness in offspring.
Next, we investigated how the offspring of the 13 pedigree clusters (representing different densities of DA and AUD) differed in their risk for DA/AUD and their mean rate or level of the following variables: years of education, neighborhood deprivation, unemployment status, early retirement, on social welfare, psychiatric registration, school achievement, resilience-score, criminal behavior, sex, and year of birth. For definitions of these variables, see Appendix Table 1 .
We then regressed the mean rates of DA/AUD (across each pedigree cluster) on each of the measured individual variable across all 13 clusters. The corresponding Bcoefficients are interpreted as the increase/decrease in the variable under study for each percentage-unit increase in DA/AUD in the pedigree.
Finally, we examined whether the impact of pedigree density on offspring risk for DA or AUD was moderated by six putative predisposing or protective factors: sex, neighborhood deprivation at age 16, early onset psychiatric Core Full-Sibship Fig. 1 The overall design of this study. We begin by ascertaining core full sibships born 1980-1990-depicted in blue, which we term the pedigree offspring. We then examine the pedigree-excluding this core sibship-depicted in purple, consisting of the biological parents, grandparents, aunts, uncles, and first cousins of the core sibship. (We do not study the married in aunts and uncles but they are depicted here for completeness.) We then divide the pedigree up into 13 clusters based on the density of alcohol use disorder and drug abuse. From those clusters, we then predict a range of social, psychological, and psychiatric features of pedigree offspring disorder (prior to age 16), parental divorce prior to age 16, school achievement assessed at age 16, and level of resilience assessed at age 18.
We used a regression model (with DA/AUD in offspring as the dependent variable) with the identity link, and robust standard errors in which each of the clusters were included in a separate interaction term with the variable of interest. The interaction term was then measured on the additive scale. The statistical analysis was performed using SAS 9.4 and R version 3.2.5 [16] .
Results

Alcohol use disorder
Pedigrees
The results of the k-means clustering for AUD in the pedigrees are given in Appendix Figure 2a . Table 1a provides key features of the 13 identified classes of pedigrees. They differed substantially in samples size with 59% of all pedigrees containing no individual with AUD and the four highest-density classes constituting only 2% of all pedigrees. Across the 13 pedigree categories, the percentage of individuals affected with AUD increased from 0% in class one to ≥30% in classes 11-13. The mean genetic relationship among members of these pedigrees to the offspring was stable across the classes, ranging narrowly from +0.24 to +0.27. The intra-class correlation for AUD across this entire population of pedigrees equaled +0.191.
Offspring
We examined a more extensive set of measures in the offspring of these 13 pedigree classes (Table 2a) , which includes, in the final column, the linear regression coefficient representing the mean change per percent increased in AUD in the pedigree. Sibship sizes of the pedigree offspring were typical with most clusters having around 1.5 offspring. Sex composition was relatively stable at 51-54% male across the classes. Offspring school achievement was strongly associated with the density of AUD in the pedigrees class, with a mean decline of 0.031 SDs per percent increase of AUD. The difference in school achievement from the lowest to highest density AUD pedigrees was a full SD. The effect was more modest for resilience where the mean score declined 0.013 SDs for each percent increase in AUD in the pedigree. Educational attainment declined in the offspring with increasing rates of AUD in the pedigree at the rate of 0.067 years per percent of AUD. Rates of offspring psychiatric illness increased 0.3% per 1% increased density of AUD in the pedigree.
Table 1a
Characteristics of the ten clusters of pedigrees selected as a function of the density of alcohol use disorder in men and women The level of neighborhood deprivation in which the offspring were residing had a substantial positive relationship with AUD density in the pedigree. With each percent of increasing AUD in the pedigree, the neighborhood deprivation index for the offspring's community increased an average of 0.017 SD units.
We examined three measures of socioeconomic functioning: unemployment, short-term government aid as social welfare, and long-term aid through early retirement/ disability pensions. In the offspring, all three were substantially associated with the density of AUD in the pedigree with the effect being stronger for social welfare and unemployment rates (0.3-0.4% increase per percent increase in rate of AUD in the pedigree) than for early retirement (0.1% increase).
We then explored the rates of AUD, DA, and criminal conviction in the offspring, all of which were strongly associated with the density of AUD in the pedigree (Table 2a) . Comparing offspring from the highest to the lowest density pedigrees, rates of AUD, DA, and criminal convictions increased, respectively, 0.23%, 0.45%, and 0.61% per percent increase in AUD in the pedigree. The survival curve for AUD is seen in Appendix Figure 3a . Because of its relatively late age at onset, the survival curves for AUD have not begun to asymptote by the end of our observation period.
Finally, we examined the degree to which the adverse outcomes of offspring from high-density AUD pedigrees could be explained by prior onsets of AUD. In the highest density pedigrees, mean school achievement and neighborhood deprivation scores were, respectively, −0.83 SDs and +0.79 SDs. In offspring from that pedigree with no prior AUD registration, the parallel scores were −0.83 SDs and +0.72 SDs, respectively. The results for other variables were similar (see Appendix Table 2 ).
Drug abuse
Pedigrees
Appendix Figure 2b depicts results of the k-means clustering for pedigrees with a variable density of DA. The pattern of pedigrees classes resembled that seen for AUD. The intra-class correlation for DA across this entire population of pedigrees was +0.287. In all of our pedigrees, class assignment for the density of AUD and DA was positively correlated: +0.41 (p < 0.0001).
Key descriptive variables for the 13 identified classes of pedigrees, sorted on their density of DA cases, are shown in Table 1b . The most common two pedigree classes, which contained essentially no case of DA, constituted 70.3% of all pedigrees. The four classes of pedigrees with the highest DA density (>25%), by contrast, made up only 1.0% of all pedigrees. Across the 13 pedigree categories, the percentage The beta coefficient represents the mean change in the variable per 1% increase in alcohol use disorder in the pedigree. For detailed definitions of the predicted variables, see Appendix The beta coefficient represents the mean change in the variable per 1% increase in drug abuse in the pedigree. For detailed definitions of the predicted variables, see Appendix Table 1   a   Standardized   b Males only c Proportion of individuals affected with DA ranged from 0% in classes 1 and 2 to 34% and 45% in classes 12 and 13. The mean genetic relationship among members of these pedigrees to the offspring full-sibs was relatively stable across the classes, ranging from +0.24 to +0.29.
Offspring
Features of the offspring of these 13 pedigree classes, differing in DA density, are shown in Table 2b . Sibship sizes were small and sex composition was stable. Offspring school achievement was strongly associated with increased density of DA in the pedigrees, with a mean decline of 0.035 SDs per percent increase.
Offspring from the highest density DA pedigrees had a mean school achievement 1.30 SDs below the mean. The effect was less pronounced for resilience with a mean decline of 0.02 SD units per percent increase in rates of DA in the pedigree. Offspring educational attainment declined 0.08 years and rates of psychiatric illness increased 0.031% for each percent increase in DA pedigree density.
The level of neighborhood deprivation where the offspring resided increased 0.026 SDs per percent of DA pedigree density. In the offspring, all three of our measures of socio-economic functioning increased monotonically with each increasing percent of DA in the pedigree with the change in social welfare being the largest (0.54%), intermediate in unemployment rate (0.46% per class), and least in the receipt of early retirement (0.12%).
Of note, of the eight measures of adverse outcome we examined in our two groups of offspring, the association with pedigree density was stronger with DA than with AUD in all of them.
The rates of DA, AUD, and criminal conviction in offspring were all strongly associated with the density of DA in the pedigree with the rates increasing, respectively, 0.63%, 0.24%, and 0.78% per percent increase in DA in the pedigree. The survival curve for DA is seen in Appendix Figure 3b . Because of its relatively early at onset, the survival curves for DA was beginning to asymptote by the end of our observation period for all but the highest risk group.
Finally, we examined the degree to which the poor outcomes of offspring from high-density DA pedigrees could be explained by prior onsets of DA. In the highest density pedigrees, mean school achievement and neighborhood deprivation scores were, respectively, −1.30 SDs and +1.70 SDs. In offspring from that pedigree with no prior AUD registration, the parallel scores were −1.28 SDs and +1.58 SDs, respectively. As seen in Appendix Table 2 , the results were similar for other variables.
Moderators of risk
We examined six potential moderators of the risk in offspring of pedigrees with variable densities of illness. These were by design diverse and consisted of sex, resilience, school achievement, early onset psychiatric disorders, parental divorce, and neighborhood deprivation. For all 12 analyses, the model including interactions on an additive scale provided a better fit index (AIC) than the model including only the main effects. We present, in Table 3 , the effect sizes as the proportion of variance (i.e., r 2 ) accounted for by the model with only main effects, main effects + the For detailed definitions of the predictor variables, see Appendix Table 1 AUD alcohol use disorder; DA drug abuse interaction, and most importantly, the difference between the two. The models with and without interactions always explained more variance for DA than for AUD. The same pattern of results was seen for the interactions themselves. The strongest interaction effects for AUD were seen for school achievement, early onset psychiatric disorder, and parental divorce. The protective effect of school achievement is shown in Fig. 2a . The density of AUD in an individual's pedigree had a far greater impact on risk for AUD in individuals with poor school achievement than in those with performed well in school.
For DA, the strongest interaction effects were seen for school achievement, resilience, and sex. We illustrate the protective effects of sex and resilience in Fig. 2b, c, respectively. On average, the density of DA in the pedigree of origin had a greater effect on risk for DA in males than in females.
Interestingly, while the slopes were steeper for the three highest density pedigrees, little difference in slope were observed in the high male, high female, and high male-female pedigrees. The interaction between resilience and pedigree class (Fig. 2c) reveals a much stronger impact on the density of DA in the pedigree of origin for individuals with low resilience than with high resilience. The results from the highest risk class 13 pedigrees are particularly noteworthy for the very sharp decline of risk with increasing resilience but could not be defined at the highest levels of resilience as too few subjects from those sibships scores in that range.
Discussion
Using 665,715 pedigrees from the general Swedish population, we examined the traits, patterns of social functioning, and disorders that occurred in offspring from pedigrees with varying rates of AUD and DA. Then we examined the impact on these outcomes of potential moderators.
We review 11 of our most interesting findings. First, we saw a substantial concentration of cases of AUD and DA in a small number of high-density pedigrees. The densest 10% of pedigrees in Sweden contained 67% of all cases of DA and 65% of all cases of AUD, consistent with our intra-class correlations showing a stronger concentration within pedigrees for DA than AUD. Second, congruent with prior literature [1, 2] , risks for AUD and DA in the pedigree offspring were strongly associated with the density of cases in the pedigree. Third, in accord with previous studies [14, [17] [18] [19] , offspring of high-density pedigrees demonstrated substantially lowered school achievement and educational attainment. Offspring of the highest versus lowest risk AUD pedigrees scored a full SD lower on their school achievement and averaged 2 years less of education. IQ scores at a mean age of 18 were available on nearly all males from the Swedish conscription registry [20] analysis of which showed that offspring from the highest density AUD and DA pedigrees had, respectively, mean IQs 10 and 13 points lower than average. These findings are congruent with evidence that polygenic risk scores for AUD are associated with a reduction in cognitive performance [21] . Fig. 2 a Risk for alcohol use disorder as a function of school achievement (SA) (measured in standard deviation units) assessed at age 16 in offspring from pedigrees with low to high density of cases of alcohol use disorder. b Risk for drug abuse as a function of sex in offspring from pedigrees with low to high density of cases of drug abuse. c Risk for drug abuse as a function of levels of resilience (measured in standard deviation units) assessed at age 18 in offspring from low to high risk pedigrees Fourth, offspring of the highest density AUD and DA pedigrees scored 0.54 and 0.84 SDs below normal on our measure of resilience, consistent with evidence that a range of personality dysfunctions occur in offspring of individuals with AUD and DA [22] [23] [24] [25] including lowered levels of resilience [26] . Fifth, in accord with prior evidence of excess rates of both internalizing and externalizing traits and disorders in children of parents with AUD and DA [19, 23] , offspring from high-density pedigrees for AUD and DA had elevated rates of other psychiatric disorders. Sixth, in addition to low levels of educational attainment, individuals from high-density AUD and DA pedigrees resided in socially deprived communities, replicating results first noted in one of the classic early studies in psychiatric epidemiology [27] and replicated many times since [28, 29] . The effects were especially strong in offspring of the highest density DA pedigrees, who lived in communities 1.70 SDs below the mean in deprivation scores.
Seventh, the density of AUD and DA in pedigrees was strongly associated with unemployment and various forms of social assistance in the offspring indicating a familial link between substance abuse liability and socio-economic dysfunction [22] . Eighth, consistent with prior evidence of strong familial co-aggregation among externalizing syndromes [30, 31] , cases of AUD, DA, and criminal convictions clustered together in the offspring of pedigrees selected for high rates of DA and AUD. Ninth, on all the outcomes examined, performance was poorer for offspring of high-density DA versus AUD pedigrees. Tenth, could the poor cognitive, social and socio-economic outcome of the offspring from the high-density pedigrees arise as a result of developing AUD or DA? Our analyses suggested that this is not a likely explanation for our findings as levels of cognitive, social, and personality dysfunction in offspring of high-density pedigrees with no prior substance use disorder were only slightly less pronounced than that seen in all offspring.
Finally, we examined five putative moderators of the poor outcomes observed in offspring from dense AUD and DA pedigrees. Significant interactions were seen between all putative moderators and density of pedigree substance use in predicting AUD and DA in the offspring. Several of these effects were relatively strong. High rates of AUD and DA in the pedigree had much weaker effects on the offspring at high versus low levels of resilience and education, on women versus men, and on offspring who did not versus did experience parental divorce.
Limitations
These results should be interpreted in the context of four potential methodological limitations. First, our assessments of AUD and DA are based on administrative data from medical, criminal, and pharmacy records and are not equivalent to diagnoses based on personal interview. We are studying individuals whose substance abuse is of sufficient severity to cause medical and/or legal problems. Second, the patterns of psychiatric and social dysfunction concentrated in high-risk pedigrees might differ across countries. Sweden is a relatively egalitarian society. The concentration of psychosocial dysfunction in high-density AUD or DA pedigrees might be more severe in countries with greater social inequalities. Third, the causal relationships between the various traits and disorders concentrated in these highrisk pedigrees are surely complex and involve genetic, psychological, and social factors. Our results are descriptive in nature and these analyses cannot claim to elucidate causal pathways. Finally, our choice of 13 categories for our pedigrees was based on a recognized method but involved subjective judgment. We repeated these analyses extracting 7 and 10 categories, which both produced overall similar results.
Conclusions
While we generally replicate prior results obtained in traditional high-risk designs, in an example of "triangulation" [32] , we extend these findings using a different research paradigm in a large, epidemiologically representative national sample, and a broad array of objective outcomes. Specifically, we find that offspring of pedigrees with a high density of AUD or DA are at risk for multiple adverse outcomes including poor cognitive functioning, reduced educational attainment, maladaptive personality traits, lowered occupational functioning, residence in deprived neighborhoods, and high risk for psychiatric and other forms of DA and criminality. Little of these associations can be attributed to prior episodes of substance misuse. The familial vulnerability to AUD and DA is broad and impacts on many key areas of human functioning beyond increasing risk for substance use problems. We can have increased confidence in the validity of these findings because of their detection across various methodologies [32] . Despite the widely distributed and severe dysfunctions seen in offspring from our high-density pedigrees, several moderators of risk -including in particular educational attainment, resilience, female sex, and an intact parental marriage-had substantial protective effects. These findings have broad implications for efforts at primary prevention.
